In cultures of embryonic striatum, we previously reported that EGF induces the proliferation of single precursor cells, which give rise to spheres of undifferentiated cells that can generate neurons and glia. We report here that, in vitro, these embryonic precursor cells exhibit properties and satisfy criteria representative of stem cells. The EGF-responsive cell was able to generate the three major phenotypes of the mammalian CNS-neurons, astrocytes, and oligodendrocytes. Approximately 90% of both primary spheres and secondary expanded clones, derived from the primary spheres, contained all three cell types. The increase in frequency of EGF-generated spheres, from 1% in primary culture to close to 20% in secondary culture, and the large number of clonally derived secondary spheres that could be generated from a single primary sphere indicate that EGF induces both renewal and expansion of the precursor cell itself. In population studies, the EGFresponsive cells were carried through 10 passages, resulting in a 10 7 -fold increase in cell number, without losing their proliferative and multilineage potential. Thus, this study describes the first demonstration, through clonal and population analyses in vitro, of a mammalian CNS stem cell that proliferates in response to an identified growth factor (EGF) and produces the three principal cell types of the CNS. ᭧
INTRODUCTION
been demonstrated. Therefore, most cells generated during CNS development must last for the life span of the animal. The number of nerve cells in the adult mammalian CNS This is in contrast to many other mammalian organs where is the product of two processes, the generation of cells durcells are continually renewed in response to appropriate ing the embryonic and early postnatal period and a postnatal signals, through a population of cells known as stem cells phase of cell death (Hamburger, 1975) . The production of (Leblond, 1963) . Taking into account the definitions of othcells is accomplished by the division of unipotent, bipotent, ers (Hall and Watt, 1989; Potten and Loeffler, 1990 ) and and multipotent progenitor cells (Raff et al., 1983 ; Turner features which hematopoietic, skin epithelium, and intestiand Cepko, 1987; Temple, 1989; Williams et al., 1991;  nal epithelium stem cells share, we can define some of the Luskin et al., 1993) that cease dividing early in development critical and common features which stem cells should exand terminally differentiate. Although a small number of hibit. Stem cells are undifferentiated cells with the ability progenitor cells may be present in the adult (Altman, 1962;  to (1) proliferate, (2) exhibit self-maintenance, (3) generate Bayer, 1985; Kaplan, 1985; ; Richa large number of progeny, including the principal phenoards et Lois and Alvarez-Buylla, 1994) , their ability types of the tissue, (4) retain their multilineage potential to generate new cells in response to injury or disease has not over time, and (5) generate new cells in response to injury or disease. The static nature of most cells within the adult mammalian brain has led to the assumption that the CNS McKinnon et al., 1990) and two bFGF-responsive DMEM/F-12 (1:1) including Hepes buffer (5 mM), glucose (0.6%), neural precursors (Kilpatrick and Bartlett, 1993; Ray et al., sodium bicarbonate (3 mM), and glutamine (2 mM). A defined hor-1993; Ray and Gage, 1994) . The O-2A precursor exhibits a mone and salt mixture composed of insulin (25 mg/ml) transferrin limited proliferative ability that reflects the in vivo time (100 mg/ml), progesterone (20 nM), putrescine (60 mM), and sodium course of oligodendrocyte proliferation and subsequent difselenite (30 nM) was used in place of serum. To the above medium, EGF (purified from mouse submaxillary; Collaborative Research) ferentiation . However, the addition of bFGF to was added in varying concentrations for the experiments in the 96-the culture medium can extend the O-2A's ability to prolifwell plates and at 20 ng/ml in the flasks.
erate, resulting in the generation of a larger number of cells (Bö gler et al., 1990; McKinnon et al., 1990) . Basic FGF has previously been shown to induce or enhance the limited
Dissociation and Perpetuation of EGF-Generated
proliferation of CNS neuronal precursors (Gensburger et al., 1987; Murphy et al., 1990; Lillien and Cepko, 1992; Vescovi et al., 1993) . More recently, bFGF has been reported to be Clonal analysis. (Schematic representation is given in Fig. 1 ).
Spheres for Clonal and Population Analyses
involved in the stimulation of both unipotent neuroblasts
To test if the EGF-responsive cell exhibits self maintenance, two different experiments were carried out: plating of single cells de- (Ray et al., 1993; Ray and Gage, 1994) and bipotent neurived from primary EGF-generated spheres into 96-well plates ronal/astrocyte precursors (Kilpatrick and Bartlett, 1993) (Pathway 2 of Fig. 1 ) and dissociation of single EGF-generated that exhibit the potential to generate a relatively large numspheres (Pathway 3 of Fig. 1 lished for stem cells in other tissues. It is noteworthy that Population analysis. Self-maintenance of EGF-responsive predespite this, the term stem cell has been inappropriately cursors was examined in populations in two ways. After 7 days in used to describe a plethora of mitotically active CNS cell vitro, spheres grown in flasks were removed, spun down at 400 types that were not tested for these criteria.
rpm, and resuspended in 2 ml of medium. The spheres were mechanically dissociated into single cells by trituration with a fireWe previously reported the isolation, from the embryonic polished Pasteur pipette, an aliquot was counted, and for quantitamurine striatum, of an EGF-responsive cell that can genertive determination of the frequency of secondary spheres, 500 cells/ ate a large number of progeny which subsequently differen-200 ml/well were plated in 96-well plates. For long-term passaging, tiate into neurons and astrocytes . A 1 1 10 6 primary EGF-generated cells were plated into a 75-cm 2 similar EGF-responsive cell with the capability to produce tissue culture flask with 20 ml of DMEM/F-12 (1:1) medium conneurons and astrocytes is present in the adult murine striataining a hormone and salt mixture (see primary culture) plus 20 tum . If indeed the adult cell is ng/ml of mouse EGF. This procedure was repeated every 6-8 days.
related to its embryonic counterpart, the latter must main-
The theoretical numbers of cells generated after each passage were tain and self-renew throughout its lifetime and these propercalculated by multiplying the experimentally determined fold inties should be apparent in an in vitro assay. This has led us crease in the total number of viable cells after each passage by the theoretical total number of cells generated from the previous to hypothesize and test whether, when examined in vitro, passage.
the embryonic EGF-responsive cell fulfills the criteria necessary to be identified as a true stem cell.
Differentiation of EGF-Generated Spheres

MATERIALS AND METHODS
Six to 8 days after the primary culture, secondary culture (10-
Primary Cultures
14 days for single cell-derived spheres), or 10th passage, spheres were removed with a pipette and spun down at 400 rpm, EGFStriata were removed from Embryonic Day 14 CD 1 albino mouse embryos (Charles River) and mechanically dissociated with a firecontaining medium was removed, and the spheres were resus- pended in EGF-free medium. The spheres were differentiated in in PBS (pH 7.2). Nestin antiserum was diluted in PBS/10% normal goat serum/0.3% Triton X-100 and incubated with the coverslips single sphere cultures (Pathway 1 of Fig. 1 ). Single isolated spheres were plated on poly-L-ornithine-coated (15 mg/ml) glass coverslips for 2 hr at 37ЊC. Coverslips were washed three times (10 min each) in PBS and incubated in appropriate secondary antibodies (1:100) in individual wells of 24-well Nunclon (1.0 ml/well) culture dishes in DMEM/F-12 medium containing 1% fetal bovine serum (FBS) for 30 min at 37ЊC. For the triple-labeling experiments cells were briefly permeabilized for 5 min (0.3% Triton X-100/PBS) after fixaand a hormone and salt mixture. Medium was not changed for the rest of the experiment. Coverslips were processed 7-8 days later tion followed by the addition of the neuron-specific monoclonal antibody to b-tubulin (Ahmed et al., 1995) , MAP-2, or NFM (IgG) for indirect immunocytochemistry.
together with polyclonal antiserum to GFAP. Appropriate secondary antibodies were added followed by incubation with monoclonal Antibodies antibody to O4 (IgM) and a goat anti-mouse IgM-specific secondary (AMCA) was used to visualize the O4 antibody. Coverslips received Rabbit antiserum to nestin (Rat 401; 1:1500) was a gift from Drs. three (10 min each) washes in PBS and were rinsed with water, M. Marvin and R. McKay, a mouse monoclonal antibody against placed on glass slides, and coverslipped with Fluorsave as the the 168-kDa neurofilament protein (clone RMO 270, 1:50) was genmounting medium. Fluorescence was detected and photographed erously supplied by Dr. V. Lee, rabbit antiserum to glial fibrillary on a Nikon Optiphot photomicroscope with Kodak T-Max 400 film. acidic protein (GFAP; 1:1000) was a gift from Dr. L Eng, mouse monoclonal antibody (IgM) to O4 (1:20) was a gift from Dr. M. Schachner, mouse monoclonal antibody to MAP-2 was from Boehringer, and mouse monoclonal antibody to b-tubulin (Type III; RESULTS 1:1000) was from Sigma. Fluorescein-conjugated and rhodamineconjugated affinipure goat antibody to mouse IgG, rhodamine-con- We have recently developed culture conditions (Vescovi et al., 1993 ) that allow embryonic EGF-responsive cells to Immunocytochemistry proliferate in the absence of poly-cation substrates and form floating spheres of undifferentiated cells. These floating Indirect immunocytochemistry was carried out with spheres spheres can then be easily manipulated for subsequent pasattached to glass coverslips, either immediately after plating (for sages and differentiation. In the presence of saturating connestin) or after 7-8 days in vitro (for triple labeling). Coverslips centrations of EGF (1-20 ng/ml), the numbers of spheres were fixed in 4% paraformaldehyde (in phosphate-buffered saline (PBS), pH 7.2) for 30 min followed by three (10 min each) washes generated were 51.7 { 1.7 spheres/5000 viable cells or 1%
Primary E14 Striatal Cells Form Spheres That
frequency. In addition, we have recently shown that by re- and that single EGF-generated spheres, cultured on a fixed substrate for 3 to 4 weeks in moving EGF and adding a small amount of FBS, differentiation of the EGF-generated progenitor cells within the the presence of EGF, began to yield secondary spheres. To determine whether this was indicative of renewal and spheres can be accelerated (Ahmed et al., 1995) . In this study, single spheres were plated onto poly-L-ornithineexpansion of the EGF-responsive precursor, individual spheres from primary culture were mechanically dissocicoated glass coverslips in 24-well culture plates in the absence of EGF and in the presence of 1% serum. Under these ated into single cells, serially diluted, and plated into individual wells of 96-well plates. A schematic representation conditions the EGF-generated spheres exhibit little proliferation (except for a few astrocytes) and the progenitor cells of this approach is given in Fig. 1 , Pathway 2. After 10-14 days in EGF, newly generated secondary spheres were differentiated within a few days (Fig. 2) . Indirect immunocytochemistry for neuronal and glial cell antigens, in combitransferred onto poly-L-ornithine-coated glass coverslips. These clonally derived spheres were then cultured in the nation with morphological examination, was used to identify the neural phenotypes. For neurons, three different absence of EGF and in the presence of 1% serum and processed for triple-labeled indirect immunocytochemistry monoclonal antibodies (IgGs), recognizing b-tubulin (Type III), microtubule-associated protein 2 (MAP-2) or the interafter 1 week. 3C) began to proliferate, formed a small sphere at Day 5 (Fig. 3D) , and was transferred after 14 days (Fig. 3E ). One and a polyclonal antiserum to the intermediate filament glial fibrillary acidic protein (GFAP) were used to label oliweek later the transferred sphere had flattened (Fig. 3F ) and the cells within the sphere differentiated to yield neurons, godendrocytes and astrocytes, respectively. Any one of the antibodies to neuronal antigens could be used in combinaastrocytes, and oligodendrocytes (Figs. 3G-3I). The cumulative data for 75 clonally derived secondary spheres, from tion with the two glial antigens for triple-labeled immunocytochemistry. Examples of EGF-generated spheres that three independent primary culture experiments, is given in Table 1 and demonstrates that 87% produced neurons, were triple-labeled are illustrated in Fig. 2 . After 7 days in vitro triple-labeled immunocytochemistry for MAP-2, astrocytes, and oligodendrocytes. Of the wells that were confirmed to contain one viable GFAP, and O4 revealed the presence of cells with the morphology and antigenic characteristics of neurons, astrocell at 1 day in vitro, 43.9 { 5.2% (n Å 3 independent culture preparations) of these wells developed spheres by 10 days cytes, and oligodendrocytes, respectively, in single spheres derived from primary culture ( Figs. 2A-2D ). The O4 immuin vitro (a total of 557 single cells were followed, 210 of which yielded spheres). This large percentage of secondary nostaining was punctate in appearance, owing to the transient permeabilization required for the triple labeling proce-EGF-responsive precursors derived from primary cultured spheres may be an overestimate. When a population of pridures. We have observed uniform labeling of cell body and processes for EGF-generated oligodendroglial precursors, mary EGF-generated spheres were dissociated into single cells and 500 viable cells plated together into single wells when examined in dissociated cultures with single labeling (no permeabilization) techniques (Reynolds and Weiss, un- of 96-well plates, 93.3 { 2.3 (n Å 3 independent experiments, 12 replicates/experiment) spheres were generated. published observations). When single primary EGF-generated spheres were examined with triple-labeled immunocyThis represents an EGF-responsive precursor frequency of 18.7%. The difference in frequency between the population tochemistry for NFM, GFAP, and O4, neuronal cell bodies were not labeled; however, long, thin processes, distinct and clonal analyses presumably reflects the different protocols. In the population studies (500 cells/well), the frefrom the glial cells, were observed (Figs. 2E-2H ). When btubulin was the neuronal antigen examined, a pattern simiquency is related to the total number of viable cells at plating, while the clonal analysis (1 cell/well) examined frelar to that observed with MAP-2 was seen (see Fig. 3 ). In a single primary culture, 14 of 14 spheres were triple-labeled quency relative to single viable cells observed after 24 hr in culture. Thus, we would suggest that the latter is an with b-tubulin, 6 of 7 with MAP-2, and 11 of 13 with NFM. Similar results were obtained in two additional primary culoverestimate. tures. On average, independent of the neuronal antigen examined, 80-90% of all primary, EGF-generated spheres conSingle Primary EGF-Generated Spheres Renew and tained all three neural cell types, with the remainder con-
Expand to Yield Secondary Spheres That Contain
taining one or more cell types (astrocytes were always Neuron, Astrocyte, and Oligodendrocyte present).
Precursors Single Cells Derived from Primary EGF-Generated
When taken together with our earlier observation of apSpheres Generate New (Secondary) Spheres That parent secondary colonies in long-term cultures of primary Contain Neuron, Astrocyte, and Oligodendrocyte EGF-generated spheres , the increase Precursors in frequency of EGF-generated spheres from 1% in primary culture to nearly 20% in secondary culture suggests that a In an earlier study we had demonstrated that EGF-generated spheres were derived from single E14 striatal precursors single clonally derived sphere yields more than one of itself. 20 ml of culture medium. At 7 days in vitro the floating EGF-generated spheres from primary culture were removed, mechanically dissociated into single cells, and 1 1 10 6 cells plated into 75-cm 2 flasks with 20 ml of EGFcontaining medium. Over the following 7 days, the pattern To test this hypothesis we sought to determine the number of proliferation was identical to that seen in primary culof secondary spheres derived from a single primary sphere.
ture. This was repeated weekly for 10 passages. The Single spheres were mechanically dissociated into single weekly removal of the floating spheres, dissociation into cells and the entire progeny of each sphere was plated into single cells, and plating onto a noncoated substrate over an individual well of a 96-well plate. A schematic represena 10-week period resulted in an arithmetic progression in tation of this approach is given in Fig. 1 , Pathway 3. An the total number of viable cells produced (Fig. 4A) . Beexample of a single sphere dissociation is illustrated in Figs. cause more cells were produced than could be cultured, 3A-3B, whereby a single sphere yielded greater than 300 not all the cells generated were passaged. Rather, an alisecondary spheres. We carried out three independent priquot of the cell suspension was used for passaging. Howmary culture experiments of single sphere dissociations, ever, if all cells had been passaged, starting with 1 1 10 6 dissociating 48 spheres per experiment. The mean number cells after the first passage, the number of cells generated of spheres yielded by a single sphere were: Experiment 1, after passage 10 would have been 1.7 1 10 13 . This repre-80 { 8 (min, 6; max, 249); Experiment 2, 44 { 6 (min, 3; sents a 10 7 -fold increase in the number of viable cells genmax, 193); Experiment 3, 242 { 24 (min, 4; max, 386). erated over a 10-week period. Hence, the EGF-responsive The differentiation potential of the secondary spheres cells are able to generate a large number of progeny. were characterized by transferring single secondary spheres, derived from a single primary sphere, onto poly-L-ornithinecoated glass coverslips. These secondary spheres were culPrimary and Passage 10 EGF-Generated Spheres tured in the absence of EGF and in the presence of 1% serum
Have Virtually Identical Proliferative and
and after 1 week were processed for triple-labeled indirect
Differentiation Potential
immunocytochemistry. This was carried out in three independent culture experiments, whereby a total of 159 spheres
We compared the properties of primary EGF-generated spheres to those that had been passaged 10 times. Seven were analyzed (Table 1) . As was the case for single cellderived secondary spheres, approximately 90% of secondary days after primary culture or the 10th passage, spheres were plated onto poly-L-ornithine-coated glass coverslips for 2 spheres, derived from dissociation of single primary spheres, contained neurons, astrocytes, and oligodendrocytes. These hr and probed immunocytochemically for the presence of antigens expressed by differentiated (neuronal/glial antifindings indicate that single primary EGF-generated spheres contain more than one EGF-responsive precursor capable of gens) and undifferentiated (nestin) CNS cells. Cells with immunoreactivity for neuronal/glial antigens were not pres-
The question of long-term self-maintenance of the EGFresponsive cells was addressed by comparing the proliferaent in primary or passage 10 spheres (data not shown); however, nearly all cells within the spheres from both groups tive and differentiation potential of primary spheres to passage 10 spheres. The proliferative potential of individual were immunoreactive for nestin (Figs. 4B and 4C) . The absence of antigens found in differentiated CNS cells together spheres was assessed by mechanical dissociation of single spheres and, as in the experiments described above, a large with the presence of an intermediate filament characteristic of CNS precursors suggests that the EGF-responsive cells range in the number of spheres produced from a single sphere was observed for both primary and passage 10 can, over repeated passages, continue to generate progenitors with the potential to differentiate into mature CNS spheres-from several to several hundred. In each of two independent experiments, we dissociated at least 40 indicells. such as the hematopoietic system, skin epidermis, and intestinal epithelium and share a number of features, with
Note. The data presented are the mean { SEM from two indepenthe most critical one being its capacity to exhibit self maindent culture preparations, whereby a passage 10 culture was comtenance. The ability of a stem cell to maintain itself, or ''to pared to a primary culture. In each experiment, at least 40 individual spheres from primary or passage 10 culture were mechanically keep in an existing state,'' can be accomplished through of progenitors and ultimately provides for a large number of differentiated progeny through the maintenance of the stem cell. While individual stem cells are not required to undergo asymmetrical divisions at each cell cycle, as a popvidual spheres from each of primary and passage 10 cultures ulation they exhibit this property. The standard functional (Table 2 ). In the first experiment, primary and passage 10 test for a stem cell has been the clonogenic assay. This in spheres yielded an average of 204 { 26 and 156 { 24 spheres, vitro assay involves plating single cells at low density under respectively. This difference was not statistically significonditions that favor proliferation of stem/progenitor cells. cant (P ú 0.05). When this experiment was repeated with Once a colony of cells has formed (which has multilineage another primary and passage 10 culture, 81 { 14 and 87 { potential), this group of cells is dissociated into single cells 14 spheres, respectively, were produced. Once again this and replated at low density or even a single cell/well (Suda difference was not statistically significant (P ú 0.1).
et al., 1984) . Formation of new colonies that have a multiThe multilineage potential of individual spheres was exlineage potential demonstrates self-maintenance, sugamined by comparing primary and passage 10 spheres, indigesting the existence of a stem cell. Previously, we have vidually plated and processed for triple-labeled immunocyshown that single EGF-responsive tochemistry. We plated and processed 724 primary and pascells, in primary culture, give rise to spheres of undifferentisage 10 spheres, in three independent experiments, and the ated cells with the potential to differentiate into neurons results are shown in Fig. 5 . In these differentiation experiand glia. Here we show that close to 90% of the primary ments, four categories of spheres were observed, which congenerated spheres have the potential to differentiate into tained: (1) astrocytes only; (2) oligodendrocytes and astrothe three principle CNS cell types-neurons, astrocytes, cytes; (3) neurons and astrocytes; and (4) neurons, astroand oligodendrocytes-and that primary spheres contain a cytes, and oligodendrocytes. Close to 80% of spheres plated, significant number of EGF-responsive cells (close to 20%) whether from primary (77 { 11%, n Å 3) or passage 10 (79 that formed secondary spheres. The ability of cells within { 10%, n Å 3), contained neurons, astrocytes, and oligodenthe primary spheres to produce clonally derived secondary drocytes. The remaining spheres fell within the other three spheres with the same differentiation potential demoncategories. Nevertheless, in all cases the percentage of strates self-maintenance in a manner analogous to the hespheres within a single category was not significantly differmatopoietic system. Similar clonal studies of self-mainteent (P ú 0.05) between primary and passage 10 cultures.
nance of cells of neural origin have been reported for multipotent embryonic cells of the neural crest (Stemple and Anderson, 1992) and cerebral cortex (Davis and Temple, 1994) . The formation of secondary colonies or spheres does not rule out the possibility that the proliferating cell is a multipotent progenitor cell with the proliferative capacity This study describes the first demonstration, through clonal and population analyses in vitro, of a mammalian to generate secondary spheres. However, such a cell would be unable to maintain itself through an extended number CNS stem cell that proliferates in response to an identified growth factor (EGF) and produces the three principal cell of passages. The population studies described in Figs. 4 and 5 and Table 2 illustrate the ability of the EGF-responsive types of the CNS. The EGF-responsive cell is capable of maintaining and expanding itself, as a population over excells to proliferate and maintain themselves over an extended period of time. Some EGF-responsive cultures have tended periods of time, and retains the ability to produce been propagated for over 40 passages. In these cultures, cell number of newly generated spheres supports the hypothesis that self-renewal is governed by a stochastic process (Nakanumber continues to increase and the progeny retain their multilineage potential when differentiated. Hence, the hata et al., 1982) . Examination of neural crest stem cells also found that the numbers of secondary clones that were EGF-responsive cell exhibits the defining characteristic of a stem cell-the capacity to maintain itself over an extended multipotent varied in an apparently stochastic manner (Stemple and Anderson, 1992) . period of time.
DISCUSSION
A stem cell may maintain itself by producing two identi-A second feature of stem cells is their ability to produce a large number of progeny appropriate to the needs of the cal daughter cells. This type of division would be symmetrical and, hence, would expand the stem cell population.
tissue from which they are derived. The practical need for such a characteristic is obvious in tissues where the differWhile stem cells likely retain the capacity to undergo symmetrical divisions (which would occur during early developentiated cells have a relatively short life span. For example, in humans, hematopoietic stem cells are responsible for the ment and following death of a number of stem cells), under normal conditions a stem cell population would maintain generation of 10 9 cells per day (Ogawa, 1993) . In culture, a murine hematopoietic stem cell can generate thousands of its numbers at a steady state. Little is known regarding the factors (intrinsic or extrinsic) that direct stem cells to progeny in less than 2 weeks (Suda et al., 1984) . The transplantation of single primitive hematopoietic stem cells into undergo symmetrical or asymmetrical divisions. The increase in frequency of EGF-generated spheres from 1 to 20% lethally irradiated mice can repopulate the lymphohemopoietic system in primary and secondary recipients (Brecher when going from primary to secondary culture, coupled with the ability of a single dissociated sphere to give rise et al., 1993) . Skin and intestinal epithelial stem cells exhibit similar properties. Cultured epidermal cells grafted to apto a large number of spheres, demonstrates that the EGFresponsive cell can undergo a number of symmetrical divipropriate recipients survive for years, demonstrating the long-term proliferative capacity of epidermal stem cells sions. This suggests that our culture medium favors expansion of the stem cell population and therefore may mimic (Gallico et al., 1984) , and intestinal epithelial stem cells are capable of at least 1000 divisions (Potten and Loeffler, 1990 ). early developmental conditions or stem cell mobilization following tissue injury. Furthermore, the large range in the One of the defining features of the recently reported self-change significantly was the range, whereby in each experiment a single sphere produced several to several hundred secondary spheres. In recent experiments, we have succeeded in repeatedly subcloning single spheres, in single sphere dissociation from primary culture to fifth passage, further supporting our findings of long-term retention of proliferative capacity. Both in clonal analysis and in population studies, the EGF-generated spheres retained their multilineage potential. The multilineage potential was examined by characterizing the cell phenotypes present, after plating of spheres in the absence of EGF and presence of 1% serum, with triple-labeled immunocytochemistry. Our quantitative analysis suggests that 80-90% of both primary and secondary spheres in clonal analysis, and primary and passage 10 spheres in population analysis, are multipotent (generate all three cell types), while the remainder express one or two cell phenotypes. It is not clear whether the latter are derived from progenitor cells, from stem cells that were restricted in their cell production, or rather were stem cell progeny that had yet to express their full differentiation potential. and Gage, 1994) . These studies found that a combination of growth factors or high concentrations of a growth factor with a novel substrate could enhance the proliferative capacity of a unipotent or bipotent precursor cell. The results renewing multipotent cells of the embryonic rat cerebral cortex was the relatively large number (hundreds) of neural in this study differ in several respects. First, the EGF-responsive cell is multipotent, capable of generating the three prinprecursors that were derived from a single cell (Davis and Temple, 1994) . In Fig. 3 we show that a single EGF-responcipal phenotypes of the CNS. Second, the EGF-responsive cell appears to maintain and expand itself through both sive cell is capable of producing hundreds of cells that include neurons, astrocytes, and oligodendrocytes. In addisymmetric and asymmetric cell division. Third, the EGFresponsive cell is absolutely dependent on EGF for its mode tion, Fig. 4 demonstrates the ability of the EGF-responsive cells, in populations, to continue to produce a large number of proliferation. Moreover, those studies of the unlimited proliferating unipotent and bipotent precursors have not of progeny over repeated passages. Passaging over a 10-week period resulted in a 10 7 -fold increase in the number of viable addressed the clonal nature of the secondary progeny nor the long-term proliferative and differentiation capacity of cells.
A common feature of the hematopoietic and intestinal cells after multiple passages. On the other hand, the EGFresponsive cell may closely resemble the self-renewing epithelial stem cells is their proliferation and multilineage potential and the retention of this capability over time. In multipotential stem cell of the embryonic rat cerebral cortex, recently reported by Davis and Temple (1994) . The authe population studies, we compared the proliferative potential of primary and passage 10 spheres by comparing the thors reported that 7% of the primary clones divided for weeks, produced hundreds of mixed progeny, and were numbers of spheres derived from single spheres that had been dissociated and plated in a single well. There was no termed stem cells. However, only 40% of those (thus approximately 3% of the total) produced neurons, astrocytes, significant difference in the numbers of spheres generated from single sphere cultures derived from primary culture and oligodendrocytes. Although self-renewal was reported for eight of those clones, the number of secondary clones or passage 10. Between the two experiments performed, however, there was an almost twofold difference in the that were multipotent was reported for only one clone, and no mention was made of growth factor dependence. Thus, at numbers of spheres generated/sphere. This may have been due to subtle differences in the culture conditions or to this time we cannot further speculate as to the relationship between the cells reported in this study and those described differences in the dissociation of the spheres between the two experiments. In fact, when we examined single sphere by Davis and Temple (1994) . Of the five criteria in the definition of stem cells outlined dissociations in three separate primary cultures, once again we found large interexperimental variability. What did not in the Introduction, the present study has demonstrated
